Introduction
Steroid hormones regulate gene expression in eukaryotes by binding to specific intracellular receptors which in turn modulate the transcription of target genes [ 1-31. We have used the chick oviduct as a model system to examine the molecular mechanisms involved in regulation of gene transcription by progesterone. In the chick oviduct, the interaction of progesterone with its receptor results in increased transcription of a defined set of genes coding for egg-white proteins [4] . We have reported previously that the chicken progesterone receptor (CPR) is composed of two hormone binding proteins 151. The A protein binds to DNA with high affinity while the B protein binds less well to DNA, but interacts with certain non-histone chromosomal proteins [6] . To examine the primary stwcture of the receptor and to establish the origin and functional significance of the A and B proteins, we have previously isolated the complete cDNA encoding the CPR [ 71.
In the present paper, we will present evidence to demonstrate that the CPR belongs to a superfamily of hormone receptors. In addition, we demonstrate that the CPR A and B proteins appear to arise by alternate initiation of translation from a single mRNA transcript, and finally, we will Abbreviations used: CPR, chicken progesterone receptor; CAT, chloramphenicol acetyl transferase.
summarize certain studies we have carried out to define the major functional domains of the receptor.
Methods
Receptor cDNA expression plasmids were constructed as described previously [ 7a] . Transcriptions and translations were carried out using the SP, Riboprobe system (Promega Biotech) in vitro according to the manufacturer's protocol. The cDNA constructs were transcribed using SP, polymerase and the resultant mRNA was translated using 100 ng of mRNA template and micrococcal nuclease treated rabbit reticulocyte lysate in the presence of 75 mCi of ["Slmethionine (800 Ci/mmol, Amersham). lmmunoprecipitations of receptor synthesized in vitro were as previously described Cos-1 cell culture conditions and transfections of receptor and reporter gene plasmids for functional analysis of receptor proteins expressed in vivo have been detailed previously [7,7bI. l7al.
Results and discussion
CPR strircturul homology with the steroid and thyroid hormone receptors. We have reported previously the sequence of the complete CPR cDNA [7] and we have shown that the CPR is encoded by a single copy gene 181.
The amino acid sequence of the CPR was deduced from the nucleotide sequence of the complete cDNA and was compared to that of the rabbit (rb) [9] and human (h) [ 101 progesterone receptor, rat (r) [ 1 11 and human [ 121 glucocorticoid (GR) Fig. 1 , the receptors are aligned on the basis of structural similarities produced by conserved amino acid sequences. Two major functional regions are conserved between CPR and all of the hormone receptors. They comprise the DNA binding region and a part of the hormone binding domain and are contained within a 350 amino acid stretch extending from the C-terminus of the receptor proteins. The region of greatest diversity among the receptors is found in the amino terminal region. This domain is hypervariable in terms of both receptor size and amino acid sequence. Comparison of progesterone receptors between species in this domain showed an overall amino acid homology of 24% between CPR and rabbit progesterone receptor and 23% between CPR and human progesterone The receptors were aligned on the basis of amino acid homology with the CPR. The blocked regions represent the highly conserved DNA and hormone binding domains. The numbers contained within the boxed areas refer to the regional homology for each receptor relative to the chick progesterone receptor.
receptor. Both human and rabbit progesterone receptors contain an insertion of 146 and 143 amino acids, respectively, which are not contained in CPR.
The most striking area of amino acid homology ( C l ) is contained in the DNA binding domain of the receptors. The domain consists of an 85 amino acid stretch in the central portion of CPR and is characterized by a high content of cysteine and basic amino acid residues. The amino acid conservation with CPR in this region is highest for the rabbit and human progesterone receptors ( 100%) and rat and human glucocorticoid receptors (87%). The homology between CPR and the remaining receptors ranges from 38% to 53% in this domain.
The second most conserved region (C2) is contained within the hormone binding domain of the receptors. The N-terminal portion of this domain is characterized by a hydrophobic region which is conserved between all of the receptors. The degree of homology is highest between the progesterone and glucocorticoid receptors in this region and throughout the hormone binding domain. Comparison of the amino acid sequence of CPR with the remaining receptors shows significant amino acid homologies (22-25%) in the hydrophobic region and no significant amino acid conservation in the remainder of the hormone binding domain. The remarkable structural similarity between the progesterone and glucocorticoid receptors throughout the two major functional domains is not surprising, since there is considerable similarity between the steroid ligands and DNA binding specificities of the two receptors [ 181. Fig. 2 . Sequence analysis of genomic DNA has shown that both of the AUG signals are encoded by the first exon of the chromosomal gene. Furthermore, comparison of the immunoreactivity of several partial cDNA clones to that of a 45 kDa receptor peptide generated by cyanogen bromide cleavage of the receptor B protein at the internal methionine [ 101, allowed us to localize the epitope recognized by a monoclonal antibody (aPR6) specific for the B form of the receptor to a region encoded by 90 nucleotides immediately upstream from the internal AUG signal. In contrast, aPR22 which reacted with both A and €3 proteins reacted with a sequence just downstream of this AUG signal. This information suggests that the polypeptide region which differentiates the B from the A proteins is provided by sequence 5' of the internal AUG signal.
Synthesis of receptor
To test this hypothesis and t o determine whether the A protein is expressed by translation at the internal initiation signal, we examined the proteins expressed from the receptor cDNA in vitro after translation in reticulocyte cell lysates using aPR22 and aPR6 to differentiate between A and B proteins. Three cDNA constructs wcrc used for expression. Two receptor B cDNA constructs were examined. The first (SPB) contained YO nucleotides upstream from the most 5' AUG and all of the open reading frame. The second B construct, referred to as SPB' is essentially the same as the first, but included all of the natural 316 nucleotide 5' leader sequence of the mRNA. The third cDNA (SPA') is missing the B start signal and begins 90 nucleotides 5' o f the internal AUG signal. This cDNA was used t o generate the A protein using the internal translation start site. Two antibodies (aPR6 and aPR22) were used to differentiate between thc receptor A and B proteins. Characterization of these antibodies has been reported elsewhere [20] .
To determine whether the A and B proteins are expressed from a single mRNA transcript, the full-length receptor SPB' and SPB constructs were inserted in the SP,, riboprobe vcctor system and transcribed in vitro using SP,, polymerase. The resultant mRNA was translated in the presence of lz5SI-methionine using rabbit reticulocyte cell lysatcs. The protein products of translation were then analysed by gel clectrophoresis and autoradiography before and after immunoprccipitation using CPR antibodies. The results are shown in Fig. 3( a) . Analysis of the total translation products expressed by the SPB' construct indicated three polypeptides of the same molecular masses as those detected in chick oviduct (lane 2). Two of the proteins co-migrate with CPR A and B proteins while the third appears to co-migrate with the for these experiments. This antibody did not immundprecipitate the receptor proteins. The proteins expressed from the SPB construct are shown in lane 6. Analysis of the total translation products using this construct showed more efficient translation of the receptor B protein relative to the A form after deletion of a portion of the 5' leader sequence of the cDNA. These data suggest that the integrity of the 5' untranslated sequence plays a role in determining the relative amounts of the A and B proteins produced.
To establish whether the A protein in the reticulocyte lysates arises by initiation of translation of the internal AUG signal, we examined the polypeptides expressed after deletion of 5' portion of the receptor cDNA which includes the receptor B translation initiation signal. This receptor A construct (SPA) was transcribed and translated in vitro. Analysis of the total translation products (Fig. 36, lane 2) indicated a major protein band of the same molecular mass as the oviduct receptor A protein. Furthermore, this protein was immunoprecipitated with aPR22 (lane 3), but was not immunoprecipitated by aPR6 (lane 4). These data confirmed that the A protein can be expressed from truncated mRNA which lacks the receptor B translation signal. Furthermore, the data are consistent with our interpretation that the receptor A protein expressed from the complete CPR cDNA arises by alternate initiation of translation rather than by proteolysis of the receptor B protein.
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The synthesis of two forms of a given protein by alternate initiation of translation from two in-phase AUG signals on a single mRNA transcript is rare, but has been reported by Strubin et al. [21] . A nine nucleotide consensus sequence (CC:CCATGG) optimal for initiation of translation of higher eukaryotic mRNAs has been demonstrated by Kosak [22] . It has been suggested that if the most 5' AUG codon occurs in a sequence context which is less conserved with the Kosak consensus sequence than a second internal AUG codon, translation may reinitiate at the more favourable initiation signal to provide two proteins from a single mRNA [23] . With regard to the CPR, both AUG triplets are surrounded by sequence only partially consistent with that reported by Kosak. Moreover, comparison of the sequence context surrounding the AUG triplets in rabbit [6] human [7] and chicken [4] progesterone receptors indicates only partial conservation between these sequences in all species and does not provide an explanation for the appearance of a single rabbit receptor protein, whereas the human and chicken receptors consist of two protein forms. These observations suggest that the secondary structural context of these sequences on the mRNA may play a major role in determining whether alternate initiation of translation will occur. This suggestion is also supported by our finding that deletion of a portion of the 5' leader sequence of the mRNA alters the relative amounts of A and B proteins translated in vitro.
Functional analysis of deletion mutations in the progesterone receptor cDNA. To define the major functional domains of the receptor, we generated a series of 3' end deletions in the progesterone receptor cDNA encoding the A form of the receptor. The truncated cDNAs were inserted into the eukaryotic expression vector p91023(B) and the constructs were used to transfect COS M-6 cells. Forty-eight hours after transfection cytosolic and nuclear extracts from the cells were analysed for ability of the expressed receptor to bind hormone and DNA. In a second set of experiments designed to examine the functional activity of the receptor mutants, we utilized receptor negative CV-1 cells. In this protocol, we cotransfected with the receptor expression vector p9 1023(B), a plasmid containing a progesterone responsive promoter/ enhancer element fused to a reporter gene. For these experiments, the MMTV-LTR element was used as the progesterone responsive element [24] . The reporter gene sequences fused to this element coded for bacterial chloramphenicol acetyl transferase (CAT ). The MMTV-CAT construct, pAHCAT, is not expressed in CV-1 cells in the absence of the progesterone receptor. However, upon cotransfection of an expression vector containing the receptor cDNA sequences together with the pAHCAT construct, the expression vector provides functional progesterone receptors which in the presence of progesterone are capable of inducing MMTV promoter to express CAT activity. In this way the effect of deletions in the receptor cDNA on the ability of the expressed polypeptides to induce transcription of pAHCAT can be determined.
The results of such co-transfection assays are shown in Fig. 4(a) . These data together with the DNA and hormone binding properties of the receptor mutants are summarized in Fig. 4( b) . The complete receptor A protein is capable of inducing CAT activity in a dose-dependent fashion. Cotransfection of a pAHCAT construct with the same receptor cDNA inserted into p91023(B) in the antisense orientation [A(R)] demonstrated that the CAT activity observed is dependent on receptor expression (Fig. 4a) . Deletion of 29 amino acids from the C-terminal end of the protein resulted in loss of functional activity. Deletion of an additional 220 amino acids from the 3'-end (AA411-659) gave similar results. In contrast, further deletion towards the DNA binding domain resulted in constitutive expression of CAT activity after deletion of the hormone binding domain (AA369-659). Removal of sequences within the DNA binding domain resulted in a marked reduction in the ability to induce CAT activity. This final deletion corresponds to the truncated receptor variant obtained during screening of the cDNA libraries [7] . Analysis of the hormone binding properties of the deletion mutants indicates that the hormonebinding domain extends to the C-terminus of the receptor protein. Deletion of the C-terminal 29 amino acid residues resulted in retention of less than 10% of the hormone binding observed in the wild-type receptor A protein. No progesterone binding was observed with further deletions.
The DNA activity of the receptor mutants shows a pattern somewhat different from that observed with the induction studies. In the absence of hormone binding, the deleted receptor (AA631-659) bound to DNA with high affinity relative to the wild-type A protein. The same mutant, however, showed no ability to induce CAT activity. Further deletion resulted in no loss of DNA binding until sequences from the DNA binding region were deleted. The significance of these findings is unclear at the present time, but they appear to indicate a distinction between the DNA binding and target gene activation sites within the DNA binding domain. This suggestion is supported by previous evidence that in the case of the glucocorticoid receptors, hormone binding is necessary for target gene activation by the receptor, but complexed hormone is not required for receptor binding to average (non-specific) DNA [24] . The functional properties observed from analysis of the deletion mutants suggests a model as shown in Fig. 5 . The model proposes that the progesterone receptor contains sequences located C-terminus to the DNA binding domain which repress the ability of the receptor to induce transcription of the target gene in the absence of hormone. Addition of hormone to the inactive receptor then causes a conformational change in the receptor which results in a derepression of the target gene 'activator site'. Since deletion of the C-terminal29 amino acids results in loss of hormone binding ability, the protein cannot be 'activated' and the receptor remains in the inactive conformation. Further deletions remain inactive also until all of the region which represses the activator site within the DNA binding domain is removed. Deletion beyond this repressor region then produces a truncated receptor which is capable again of inducing CAT activity, but now in a constitutive manner.
The functional effects of the progesterone receptor deletions observed in these experiments are similar to those also reported for the glucocorticoid receptor [25] . In addition, these observations are consistent with the high degree of amino acid conservation in the (-terminal halves of the two receptors.
Although the structural and functional analysis of the progesterone receptor described in the present paper allows us to broadly define the 'gene activator' and hormone binding domains of the receptor, a more specific mutagenesis approach is now being used to localize the boundaries of these domains and to determine the functional role of the Nterminal half of the receptor.
